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ABSTRACT: The quantum eﬃciency is a key metric in
lighting technology and for the quantiﬁcation of luminescent
processes, indicating how many photons are emitted with
respect to the number of absorbed photons. Ideally, this value
should approach unity to reduce losses, for instance in the
common phosphor converted white LEDs. In this work we
demonstrate that in luminescent materials where energy can
be stored at defect centers, like in the extreme case of
persistent phosphors, the quantum eﬃciency depends on the
excitation intensity. For the green emitting SrAl2O4:Eu
2+,Dy3+,
which has been proposed for use in AC-LEDs, the internal
quantum eﬃciency drops for increasing excitation intensity
from 71% to 54%. At elevated excitation intensities, as encountered in LEDs, the trapped charge carriers can be optically
detrapped by the excitation light, leading to this strong reduction of the overall quantum eﬃciency. Considering that the
absorption cross section for this process is 6−29× larger than the absorption cross section for the luminescent ion, the eﬃciency
of LED phosphors can be increased by avoiding the presence of defects acting as trapping centers. Finally, designing persistent
phosphors with defects that show a limited optical response for the excitation light could strongly increase their energy storage
capacity.
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Phosphors are a key component in modern white light-emitting diodes (LEDs).1−5 These luminescent materials
convert the monochromatic light from the blue or ultraviolet
pumping LED into other colors, the combination of both
resulting in white light. Typical decay times of LED phosphors
range from several tenths of nanoseconds to several milli-
seconds, so continuous light emission can only be obtained if
the pumping LED emits light uninterruptedly. To accomplish
this, the LEDs are equipped with driver electronics which are
commonly incorporated in the LED packaging and convert the
alternating current (AC) into direct current (DC).6 These
driver electronics are however often susceptible to failure and
limit the lifespan of the LED lamp. To avoid this problem it
was proposed to switch to AC-driven LEDs.7,8 Even though
this approach improves the durability of an LED, the
alternating current introduces a new problem as the LED is
reverse biased during 50% of the time causing it to switch on
and oﬀ at a frequency of 100 to 120 Hz. This ﬂuctuation in the
light intensity, a phenomenon generally referred to as
ﬂickering, is considered to be a health hazard.9
Flickering can be reduced by using phosphors which decay
slowly, such as many Mn-based phosphors, which have typical
decay times of several milliseconds.10−13 This slow decay
bridges the dark periods in which the LED is switched oﬀ,
thereby reducing the ﬂickering. But long decay times are often
accompanied by saturation eﬀects.1 These saturation eﬀects
manifest themselves at high excitation ﬂuxes as a sublinear
increase in the emission intensity and a decrease in the overall
absorption of the phosphor.10,14,15 This can lead to color
variations with varying excitation intensities, which is clearly an
unwanted eﬀect.
A solution to this problem can be found in the recently
proposed idea to use persistent phosphors in AC driven
LEDs.16−24 These persistent phosphors are diﬀerent to
ordinary conversion phosphors as they exhibit light emission
that persists seconds to hours after the excitation has
stopped.25 The reason for this delayed emission is their ability
to store energy in the material, presumably at defects other
than the luminescent ion. These defects are called traps
because a charge carrier originating from the luminescent ion is
locally trapped at the defect.26−30 When suﬃcient energy is
provided to the trapped charge it will be released. After
recombination at the luminescent ion, it will give rise to the
delayed emission that is generally referred to as afterglow. The
timespan of the afterglow can be tuned, as it depends on the
so-called depth of the trap, which is typically probed by
thermoluminescence.31 For most applications, such as safety
signage, road markings,32 or bioimaging,33−36 the afterglow
time should be of the order of hours. However, for lighting
applications, this should be of the same order of magnitude as
the dark time, so the trap should be suﬃciently shallow to
achieve afterglow times of a few hundreds of milliseconds. The
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presence of trapping defects is, however, not always inten-
tional, as they can also be accidentally incorporated during
synthesis of the more common LED phosphors. The
characteristics of these traps might be such that they do not
induce afterglow at room temperature, making it diﬃcult to
detect their presence. This does, however, not mean that the
presence of trapping defects does not alter other properties
such as the phosphor’s quantum eﬃciency or the thermal
quenching behavior.37,38
Overall, LED phosphor research aims at improving the
eﬃciency and color quality of the resulting phosphor converted
LEDs.1,39 In addition to the inevitable Stokes losses, current
phosphor quantum eﬃciencies are still responsible for a
signiﬁcant fraction of all the heat losses in LEDs,40 and further
optimizing the phosphor’s quantum eﬃciency still oﬀers room
to enhance the overall eﬃciency of a white LED. An LED
phosphor needs to have a high quantum eﬃciency and it needs
to be able to withstand high temperatures37 and high
illumination intensities.1 The last two requirements deserve
special attention in case traps are present in the phosphor, as
the release of trapped charge carriers can be provoked by the
elevated temperatures and high excitation ﬂuxes that are
typically encountered in LEDs.15 Here, it is shown that
optically induced detrapping by excitation light results in a
dramatic decrease of the quantum eﬃciency and a simulta-
neous increase in the absorption strength of the persistent
phosphor, a trend that is generally not encountered in LED
phosphors. In this work we will demonstrate the extent of this
eﬀect and the implications for research on LED and persistent
phosphors.
■ METHODS
All measurements were performed on 50 mg of commercial
SrAl2O4:Eu
2+,Dy3+ powder (GloTech Inc.), which was
incorporated in a polymer layer (diameter 18 mm) as
described in previous work.41 Quantum eﬃciency and
absorption measurements were performed in an integrating
sphere42 (LabSphere GPS-SL series) under excitation with a
blue LED with a central wavelength of 445 nm and a full width
at half-maximum (fwhm) of 20 nm or a UV LED with a central
wavelength of 375 nm and a fwhm of 15 nm. The spectra were
recorded using a ProEM 1600 EMCCD camera attached to an
Acton SP2300 monochromator (Princeton Instruments). The
setup was calibrated using deuterium and halogen calibration
lamps (DH-2000-CAL, Ocean Optics). Luminescence decay
measurements were conducted using a pulsed blue LED (445
nm) as excitation source and a gateable and intensiﬁed CCD
(Andor iStar) attached to a Jarrel-Ash monochromator. The
afterglow measurements used to determine the storage
capacity were recorded with an ILT 1700 calibrated photo-
meter (International Light Technologies) equipped with a
photopic ﬁlter (YPM). A FLIR A35sc infrared camera was used
to measure the sample’s temperature. Diﬀuse transmission
spectra were recorded using a Varian Cary 500 UV−vis−NIR
spectrophotometer equipped with a 110 mm BaSO4-coated
integrating sphere. For the determination of absorption cross
sections, diﬀuse transmission spectra of a polymer layer with a
lower phosphor loading of 8 mg/cm2 were used.
■ RESULTS AND DISCUSSION
The internal quantum eﬃciency of a luminescent material is
usually deﬁned as1
η = N N/in em abs (1)
where Nem and Nabs represent the number of emitted and
absorbed photons, respectively. This is in contrast to the
quantity represented in an excitation spectrum, which
corresponds to the external quantum eﬃciency, where the
number of emitted photons is compared to the number of
incident photons. Here, we will not be concerned with the
Figure 1. (a) Illustration of the time scale of the diﬀerent processes in persistent (SrAl2O4:Eu
2+,Dy3+) and LED phosphors (Y3Al5O12:Ce
3+). (b)
The extent to which ﬂickering is reduced by SrAl2O4:Eu
2+,Dy3+.(c) Schematic representation of the diﬀerent processes that take place in a
persistent phosphor. The solid arrows represent optical transitions, while nonradiative transitions are represented by dashed arrows. The
photoluminescence (PL) emission and excitation spectra (measured at 10 K) and the thermoluminescence (TL) glow curve are shown in the
insets.
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latter, and for the sake of brevity, the term quantum eﬃciency
will be used for internal quantum eﬃciency in the remainder of
the text. Even though eq 1 seems straightforward, it is
imperative that a distinction is made between the internal
quantum eﬃciency at the level of the luminescent ion or at the
level of the phosphor. In the former deﬁnition, Nabs
corresponds to the number of photons absorbed by the
luminescent ion, whereas for the latter it is deﬁned as the
number of photons absorbed by the complete phosphor. In
this work we will be concerned with the second deﬁnition. In
case no trapping occurs, the internal quantum eﬃciency
corresponds to the eﬃciency of the photoluminescence
process, provided that no additional absorption occurs due
to detrimental defects or impurity phases. However, once traps
are present in a phosphor, additional eﬀects like trapping,
afterglow, or optically stimulated luminescence can take place.
These processes are schematically represented in Figure 1c. All
of these processes start with the absorption of a photon (1)
exciting the activator. If the activator immediately relaxes to
the ground state by emission of a photon (5), it is called
photoluminescence. Alternatively, excitation can be followed
by a transfer of energy to a trapping defect (2), which
presumably happens by exchanging a charge carrier.27−29 If
energy is provided to this trapped charge carrier, it can be
released and recombine at the activator (5). If the detrapping is
thermally stimulated (3), the process is called persistent
luminescence or afterglow if the temperature is constant, or
thermoluminescence (TL), when the temperature is (typically
linearly) increased. If, on the other hand, the energy is
provided by the excitation light (4), the process is called
optically stimulated luminescence (OSL). In Figure 1a, the
behavior under pulsed excitation of a typical LED phosphor
such as Y3Al5O12:Ce
3+ (YAG:Ce) is compared to the persistent
phosphor SrAl2O4:Eu
2+,Dy3+. While the YAG:Ce phosphor
perfectly follows the emission proﬁle of the blue pumping
LED, the SrAl2O4:Eu
2+,Dy3+ persistent phosphor shows an
increase when the blue light is switched, a so-called charging
behavior, followed by a rather exponentially decreasing
afterglow. When reducing the pulse width to 5 ms, nothing
changes for the YAG:Ce, due to its short photoluminescence
decay time of 65 ns.43 As the oﬀ-time of only 5 ms is not
suﬃcient to fully deplete the traps in the SrAl2O4:Eu,Dy
persistent phosphor in between pulses, a fairly constant
emission is found, eﬀectively reducing ﬂickering. It is clear
that these additional processes in persistent phosphors take
place on much longer time scales than the photoluminescence
so that steady state equilibrium conditions are required to
unambiguously deﬁne the quantum eﬃciency for these
materials.
In an attempt to quantify the extent to which these
additional processes aﬀect the performance of the phosphor,
the internal quantum eﬃciency of SrAl2O4:Eu
2+,Dy3+ was
measured as a function of the excitation intensity. The results
are displayed in Figure 2. Both for excitation with 375 and 445
nm the quantum eﬃciency undergoes a steep decrease before
leveling oﬀ. This is in stark contrast with the internal quantum
eﬃciencies of LED phosphors which, in the absence of
saturation eﬀects, are independent of the excitation intensity.
In case of 445 nm excitation, the quantum eﬃciency is 71% for
low excitation intensities, but levels oﬀ at 54% when the
intensity is increased. The latter value is in reasonable
agreement with the value of 44% found in literature.44 The
quantum eﬃciency under 375 nm excitation is however much
lower, around 28% for the lowest intensities, leveling oﬀ at a
value of 18%. This wavelength dependence can be understood
from the fact that SrAl2O4:Eu
2+,Dy3+ accommodates Eu ions
on two diﬀerent crystallographic sites.45,46 This is known to
give rise to two diﬀerent emission bands: a blue emission band
peaking at 445 nm, which is fully quenched at room
temperature,47 and a second band that is centered around
520 nm and is responsible for the material’s well-known green
emission.45,46,48 While 445 nm light can only excite the site
responsible for the green emission, 375 nm light excites both
sites, which might further complicate the matter at hand.
One might presume that the decreasing quantum eﬃciency
with increasing excitation intensity is due to thermal
quenching. This argument was taken under consideration as
the phosphor could indeed heat up during illumination due to
Stokes losses or nonradiative decay. It is well-known that
thermal quenching is accompanied by a decrease of the decay
time43 so in order to test this hypothesis decay proﬁles were
measured as a function of the excitation intensity. It was
reported that the photoluminescence decay of Sr-
Al2O4:Eu
2+,Dy3+ contains two components45 and, in this
case, the derived decay times are (200 ± 35) and (720 ±
50) ns. Figure 3 shows that these decay times remain largely
unaﬀected as a function of excitation intensity, showing that
thermal quenching is not responsible for the observed decrease
in the quantum eﬃciency. This was conﬁrmed by a thermal
imaging camera showing no higher temperature increases than
1 °C for the highest excitation intensities.
The intensity dependence of the quantum eﬃciency can be
explained by assuming that the trapping and detrapping
processes in persistent phosphors have a diﬀerent intensity
dependence as well as a diﬀerent quantum eﬃciency. From this
point of view, OSL induced by excitation light is of special
interest: as illustrated in Figure 1c, two photons (1, 4) need to
be absorbed to yield emission of a single photon (5). Based on
eq 1 it can be concluded that the internal quantum eﬃciency of
Figure 2. Intensity dependence of the internal quantum eﬃciency of
SrAl2O4:Eu,Dy under excitation with ultraviolet (a) or blue (b) light.
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such a process is capped at 50%, regardless of the nonradiative
pathways to which it might be subjected. It is important to
stress that, in contrast to other two-photon processes, such as
upconversion,49,50 OSL can also occur at low excitation
intensities due to the long lifetime of, what could be called,
the intermediate state.
Evidence to support this hypothesis can be found in the
thermal quenching proﬁle of SrAl2O4:Eu
2+,Dy3+ under 435 nm
excitation, as measured by Botterman et al.45 (see Figure 4).
This proﬁle is quite unconventional, as it exhibits an additional
drop in intensity around 220 K before thermal quenching sets
in around 450 K, irrespective of whether the proﬁle is
measured while heating up or cooling down. The temperature
of this ﬁrst drop corresponds to the temperature at which
trapping becomes thermally activated (see Figure 4),
suggesting that this yet unexplained drop is a consequence of
OSL by excitation light. However, trapping is not always
thermally activated, and if it takes place at lower temperatures
as well, the eﬀect on the thermal quenching proﬁles will be
more diﬃcult to detect. Rather than exhibiting a dip in
intensity, it is expected that the thermal quenching proﬁles of
these phosphors will start at a lower intensity than the intensity
of a similar phosphor without trapping centers.51 An
interesting class of phosphors to be considered in this case
are those in which the traps are engineered in such a way that
the thermal stability is enhanced.37,38 For these phosphors it
should be investigated case per case whether the enhanced
thermal stability is worth compromising the phosphor’s
quantum eﬃciency.
To further demonstrate the importance of the OSL
mechanism on the phosphor performance the absorption is
studied in more detail. The absorption is measured in the
integrating sphere by illuminating the phosphor layer with light
of a speciﬁc wavelength and then calculating the fraction of the
incident light which is absorbed by the phosphor. Figure 5a,c
shows that an intensity dependence is also found here, with an
increase from 23% to 28% at 445 nm for increasing excitation
intensities. At 375 nm, a similar trend is found, but the
absorption is about 4× higher due to the increased absorption
of Eu2+ at this wavelength (Figure 6). The increase of the
absorption with increasing excitation intensity is unusual since
for LED phosphors the absorption is expected to either remain
constant or decrease if saturation eﬀects take place.10,14
This eﬀect can be explained when the rearrangement of
charge carriers in the phosphor is considered. Within the
context of persistent phosphors, two types of centers will
undergo changes during excitation: the activators and the traps.
The former will be ionized and simultaneously the charge will
be trapped by the latter, turning the initially nonabsorbing
defect into an optically active center which is susceptible to
optically stimulated detrapping. It is not uncommon that
crystalline defects introduce additional absorption bands after
the capture of a charge carrier. If this is caused by the
absorption of light, as in the current case, this phenomenon is
referred to as photochromism. It is known to occur in
numerous organic and inorganic materials, of which many are
Eu-activated phosphors.52−58 From this l ist , Ca-
Al2O4:Eu
2+,Nd3+ is also known as a persistent phosphor, but
in contrast to the case of SrAl2O4:Eu
2+,Dy3+ it seems that the
absorption bands of the color center do not show overlap with
the absorption bands of the Eu2+ activator, although it is yet
unclear whether the color centers in CaAl2O4:Eu
2+,Nd3+ are
also responsible for the trapping related to the persistent
luminescence as is the case for SrAl2O4:Eu
2+,Dy3+.53
In case of SrAl2O4:Eu
2+,Dy3+, the strongly absorbing Eu2+
will be ionized to Eu3+,59 which has a much lower absorption
strength for the pumping wavelengths.60,61 It is therefore
reasonable to assume that the contribution of Eu3+ to the
overall absorption can be neglected. Further assuming that the
absorption of the empty traps is also negligible compared to
the absorption of the other centers allows to write the average
absorption per europium center as
× + − × +f a f a(1 )tr Eu2 (2)
where atr and aEu2+ represent the absorption of the ﬁlled traps
and Eu2+, respectively, as shown in Figure 1c, while f represents
Figure 3. Intensity dependence of the decay times of the Eu2+
emission in SrAl2O4:Eu
2+,Dy3+ excited by 445 nm light at room
temperature. The averages are indicated by the gray lines and
correspond to (720 ± 50) and (200 ± 35) ns.
Figure 4. Temperature dependence of the photoluminescence
intensity of SrAl2O4:Eu
2+,Dy3+ under 435 nm excitation (red line)
and the accumulated emission intensity during afterglow and
thermoluminescence (blue dots), being a measure for the total
amount of ﬁlled traps at the end of the excitation with 435 nm. Figure
adapted, with permission, from Botterman et al.43
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the fraction of ionized europium centers under conditions of
dynamic equilibrium.
Since every photon emitted after excitation has stopped is
originating from a previously trapped charge, the fraction of
ionized activators f can be determined by counting the number
of photons that are emitted during the afterglow. This
technique was introduced in previous work, where the storage
capacity of SrAl2O4:Eu
2+,Dy3+ was determined by measuring
afterglow curves on samples with diﬀerent phosphor
loadings.41 By performing these measurements on a single
sample but for diﬀerent excitation intensities, the intensity
dependence of the storage capacity can be obtained.
Combining this with the known activator concentrations yields
the intensity dependence of the fraction f, which is shown in
Figure 5b,d. This fraction levels oﬀ around 0.8% in case of 375
nm excitation and around 1.6% for 445 nm excitation.
The measured intensity dependence of f can be plugged into
eq 2 to yield the intensity dependence of the absorption, which
should hence show a very similar behavior to the intensity
dependence of f itself, as can be seen from Figure 5. Fitting eq
2 to the measured intensity dependence of the absorption
allows to empirically determine atr/aEu2+. The result of this ﬁt is
shown in Figure 5a,c and yields a ratio atr/aEu2+ of 6 ± 1 and 29
± 4 upon excitation with 375 and 445 nm, respectively.
The strong wavelength dependence of this ratio can be
explained by considering the absorption cross section of Eu2+, a
quantity that is independent of the sample geometry and is
deﬁned as
σ α= N/abs (3)
in which α is the absorption coeﬃcient (in cm−1) and N
represents the density of Eu2+ centers in the phosphor layer (in
cm−3). The absorption coeﬃcient α was determined by
measuring the diﬀuse transmission spectra of the transparent
phosphor layers.41 A polymer layer with a phosphor loading of
8 mg/cm2 was chosen because of its negligible scattering,
allowing to take the optical path length equal to the thickness
of the phosphor layer. The absorption cross section of a
phosphor layer in which the traps are all empty is displayed in
Figure 6 from which it can be concluded that the absorption at
375 nm is about 8× higher compared to the absorption at 445
nm, which is in accordance with the diﬀerence in ratios.
Remaining discrepancies can be due to the absorption cross
section of the ﬁlled traps, which is also expected to have a
wavelength dependence.
Nonetheless, the ratio atr/aEu2+ is found to be bigger than
unity for both excitation wavelengths. This implies that the
absorption due to a ﬁlled trap is signiﬁcantly higher than the
absorption of a Eu2+ center. Upon comparison with the
Figure 5. Absorption (a, c) and the fraction of ionized activator centers (b, d) of the phosphor as a function of the excitation intensity for 375 and
445 nm excitation, respectively. The red lines accompanying the absorption measurements (a, c) represent the ﬁt based on eq 2, whereas the gray
lines in (b, c) are merely guides to the eye. Note the similarities between the fraction of ionized europium centers and the ﬁt to the absorption
measurement, which is a direct consequence of the fact that the expression for the absorption in eq 2 is directly related to f.
Figure 6. Absorption cross section of the 4f7 to 4f65d1 transition of
Eu2+ in SrAl2O4:Eu
2+,Dy3+. The inset shows the ﬁtted absorption
cross sections of the ﬁlled trap at 375 and 445 nm.
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absorption cross section of Eu2+ in Figure 6, it is clear that the
absorption cross sections of a ﬁlled trap are (2.16 ± 0.36) ×
10−17 cm2 and (1.22 ± 0.17) × 10−17 cm2 for 375 and 445 nm
excitation, respectively. Although this is quite high, it is not
uncommon for intrinsic defects such as F-centers.62−65 Tydtgat
et al.66 found a ratio of 228 for Sr2MgSi2O7:Eu
2+,Dy3+ and
although this high value indicates the importance of the ﬁlled
traps in the absorption process, it is likely overestimated. The
value of 6−29 was obtained here by directly measuring the
absorption, while the value of 228 was indirectly derived from
charging and luminescence decay curves, necessitating the use
of models, which might be inadequate to grasp the full details
of the complex dynamics of persistent phosphors. Never-
theless, the high absorption of ﬁlled traps has important
implications for the total amount of energy that can be stored
in a persistent phosphor and its photoluminescence quantum
eﬃciency.
The fact that the storage capacity of persistent phosphors is
limited by OSL is in stark contrast with the common
supposition that it is only limited by the number of activator
centers that have access to traps. It is usually assumed that a
fraction of the activators does not take part in the trapping
process and that the size of this fraction is the limiting factor of
the storage capacity. The activators that do not engage in the
trapping process will nevertheless give rise to photolumines-
cence. This implies that the presence of such an inactive
fraction would manifest itself as a nonzero oﬀset at the
beginning of the charging curves of a completely empty
persistent phosphor. An example of such a charging curve is
shown in Figure 7. It can be seen that the oﬀset is small,
indicating that the fraction of activators that do not participate
in the trapping processes is negligible. For a high excitation
intensity of 10 mW/cm2, a small oﬀset is visible that can be
attributed to a combination of the limited time resolution (0.5
s) of the equipment and the inherently faster charging
behavior. Therefore, it can be stated that the main mechanism
that limits the storage capacity of SrAl2O4:Eu
2+,Dy3+ is indeed
the OSL by excitation light.
Notwithstanding its simplicity, the model introduced in eq 2
can also account for the intensity dependence of the quantum
eﬃciency. To illustrate this, a numerical simulation was
performed. The simulated system is comprised of a set of Eu
ions, each of which is coupled to a unique local trap. For
simplicity, all processes are assumed to take place with 100%
eﬃciency. The activator-trap complexes can assume one of two
diﬀerent states which are characterized by a ﬁxed value for the
absorption. Either the activator is not ionized and the trap is
empty, in which case the absorption of the complex is equal to
aEu2+, or the activator is ionized in which case the trap is ﬁlled
and the absorption is equal to atr. To simulate the eﬀect of the
excitation light on the system, a ﬁxed number of the activator-
trap complexes are forced to change state during every step of
the simulation, thereby introducing trapping or optically
stimulated detrapping. The fraction of the absorbed light
used for either of these two processes is proportional to each
species’ contribution to the overall absorption. Afterglow is
introduced into the simulation by allowing ﬁlled traps to be
emptied spontaneously during every step. Finally, the arbitrary
units of the simulation must be converted to physically
meaningful units. The physical time that can be assigned to
every simulation step can be determined by comparing the
simulated charging curves in Figure 8a, with the experimental
ones in Figure 7. Furthermore, the number of simulated Eu
centers has to be compared to the number of Eu centers that
are present in the layers that were characterized, allowing to
determine the number of optical centers that change state
during every simulation step. Because an equivalent number of
photons is needed to induce these changes, this ﬁnally allows
to express the excitation intensity in radiometric units. The
only point at which a wavelength dependence is introduced
into the simulation is when this photon ﬂux is converted into
an energy ﬂux. The results shown in Figure 8 are thus valid for
all excitation wavelengths but the values on the abscissa are
valid only for excitation with 445 nm light. This was done to
enable the comparison with the measurements shown in
previous ﬁgures but the results can easily be generalized to
other wavelengths by considering the energy diﬀerence
between the photons.
Every simulation starts in a completely depleted state,
meaning that all the traps are empty. Fixed values are chosen
for the excitation intensity, the absorption of the activator
centers and the absorption of the ﬁlled traps. As the simulation
progresses in time more and more traps are ﬁlled until the
system reaches a dynamic equilibrium. At this point, the
simulated quantum eﬃciencies are calculated, in analogy with
the above experiments. By repeating these simulations for
diﬀerent excitation intensities, the intensity dependence of the
quantum eﬃciency and the trapping capacity is simulated. The
results of the simulation are shown in Figure 8 from which it
can be seen that the introduction of a nonzero absorption for
the ﬁlled traps indeed leads to a decrease of the quantum
eﬃciency and results in a storage capacity that is lower than
100%. The higher the value of atr/aEu2+, the faster the system
settles at a constant quantum eﬃciency and the lower the
storage capacity becomes. A comparison of the simulated
quantum eﬃciency with the data displayed in Figure 2
conﬁrms that the ratio atr/aEu2+ is indeed larger than unity
and is, in fact, of the order of 1−10. The simulated storage
capacity is systematically higher than the experimental values
shown in Figure 5b,d, which can be explained by remembering
that, in contrast to the simulated system, the phosphor has an
overall quantum eﬃciency which is lower than unity thereby
introducing extra losses. Looking at the above discussion it is
Figure 7. Charging curves of SrAl2O4:Eu
2+,Dy3+ under 445 nm
excitation. The inset shows the beginning of the curves in detail.
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clear that the agreement between the model and the data is not
perfect. This is not surprising if the simplicity of the model is
considered. It is tacitly assumed that only one trap depth is
present in the phosphor, but the presence of multiple traps
depths or even trap depth distributions has been reported for a
variety of persistent phosphors, including SrAl2O4:Eu
2+,Dy3+,
which is the subject of this investigation.67,68
High irradiances up to 1 W/cm2 are readily encountered in
present-day solid state lighting applications.15,69 Therefore, the
presence of traps in a LED phosphor should be handled with
great consideration. Sometimes traps are deliberately incorpo-
rated into the phosphor. This is, for example, the case for
persistent or storage phosphors. On the other hand, the
presence of traps in LED phosphors is likely unintentional and
could originate from defects that are introduced during
synthesis.39,70−72 In light of the above results, it can be
concluded that the eﬃciency of a phosphor can be further
optimized by carefully eliminating trapping centers. At the very
least, the intensity dependence of the quantum eﬃciency
makes it imperative that LED phosphors are tested under the
same physical circumstances as those encountered in the
intended application.
■ CONCLUSION
The intensity dependence of the quantum eﬃciency of
SrAl2O4:Eu
2+,Dy3+ was measured. It is found that the eﬃciency
signiﬁcantly decreases with increasing excitation intensity. This
eﬀect is attributed to the occurrence of OSL by excitation light
during charging. It is found that this decrease in eﬃciency is
accompanied by an increase of the absorption of the phosphor.
A simple model, consisting of two diﬀerent optically active
centers, is used to demonstrate that the absorption of ﬁlled
traps is larger than the absorption of Eu2+, which implies that
optically stimulated detrapping is favored over trapping or
photoluminescence.
From the point of view of persistent phosphors it is clear
that this eﬀect limits their storage capacity, since it opens up an
additional pathway for detrapping during excitation. This
implies that the absorption characteristics of the trap should be
taken into account when engineering new persistent
phosphors. On the other hand it is found that the presence
of traps lowers a phosphor’s quantum eﬃciency. Careful
elimination of possible trapping centers in LED phosphors
might, therefore, oﬀer a way to further increase the quantum
eﬃciency of LED phosphors.
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Figure 8. Results of the simulation. The charging curves (a) were
simulated under the same excitation conditions (445 nm excitation)
as the measurements in Figure 7. The intensity dependence of the
internal quantum eﬃciency (b) and of the fraction of ionized activator
centers (c) was simulated for diﬀerent values of atr/aEu2+.
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